The objective is to investigate models of the specific heat ratio for the single-zone heat release model, and find a model accurate enough to introduce a modeling error less than or in the order of the cylinder pressure measurement noise, while keeping the computational complexity at a minimum. Based on assumptions of frozen mixture for the unburned mixture and chemical equilibrium for the burned mixture, the specific heat ratio is calculated using a full equilibrium program for an unburned and a burned air-fuel mixture, and compared to already existing and newly proposed approximative models of γ.
INTRODUCTION
The accuracy with which the energy balance can be calculated for a combustion chamber depends in part on how accurately changes in the internal energy of the cylinder charge are represented. The most important thermodynamic property used in calculating the heat release rates in engines is the ratio of specific heats, γ(T, p, λ) = c p cv [1, 2, 3] . Gatowski et.al. [1] developed a single-zone heat release model based on the First Law of thermodynamics that has been widely used, where the specific heat ratio is represented by a linear function in mean charge temperature T γ lin (T ) = γ 300 + b(T − 300)
This allows a critical examination of the burning process by analysis of the heat release. In order to compute the heat release correctly, the parameters in the single-zone model need to be well tuned. These parameters, such as heat transfer coefficients, γ 300 and b in the linear γ-model (1) and so on, can be tuned using well known methods [4] . This can be done e.g. by minimizing the prediction error of the measured cylinder pressure, i.e. by minimizing the difference between the modeled and measured cylinder pressure. This usually ends up in absurd and nonphysical values of γ 300 , as it becomes larger than 1.40, which is the value of γ 300 for pure air. Therefore a
better model of γ(T, p, λ) is sought. A correct model of γ(T, p, λ) is also desirable in order to avoid badly tuned (biased) parameters.
The objective is to investigate models of the specific heat ratio for the single-zone heat release model, and find a model accurate enough to introduce a modeling error less than or in the order of the cylinder pressure measurement noise, while keeping the computational complexity at a minimum.
Outline
In the following section three existing approximative γ-models are described. Then based on chemical equilibrium a reference model for the specific heat ratio is described. Thereafter, the reference model is calculated for an unburned and a burned air-fuel mixture respectively, and compared to these existing approximative models in the two following sections. With the knowledge of how to describe γ for the unburned and burned mixture respectively, the focus is turned to finding a γ-model during the combustion process, i.e. for a partially burned mixture. This is done in section 6, where a number of approximative models are proposed and these are evaluated in terms of the root mean square error related to the reference γ-model found from chemical equilibrium and the corresponding influence on the cylinder pressure.
EXISTING MODELS OF γ
The computational time involved in repeated use of a full equilibrium program, such as CHEPP [5] , can be substantial, and therefore approximate fits of the thermodynamic properties have been developed. Three such fits will now be described.
Linear model in T
The specific heat ratio during the closed part of the cycle, i.e. when both intake and exhaust valves are closed, is most frequently modeled as either a constant, or as a linear function of temperature. The later model is used in [1] , where it is stated that the approximation is in parity with the other approximations for this family of single-zone heat-release models. The linear function in T can be written as γ lin (T ) = γ 300 + b (T − 300)
Depending on which temperature region and what air-fuel ratio λ we are interested in, the slope b and constant γ 300 in (2) have to be adjusted. Concerning the temperature region, this shortcoming can be avoided by increasing the complexity of the model and use a second (or higher) order polynomial for γ lin (T ). This has been done in for example [6] . Such an extension reduces the need for having different values of γ 300 and b for different temperature regions. Later on, γ lin (T ) is calculated in a least squares sense for both burned and unburned mixtures.
Segmented linear model in T
According to [2] , the commonly made assumption that γ lin (T ) is constant or a linear function of mean temperature is not sufficiently accurate. Instead, they propose a segmentation of the closed part of the engine cycle into three segments; compression, combustion and post-combustion (expansion). Both the compression and post-combustion are modeled by linear functions of T , while the combustion event is modeled by a constant γ. They further state that with these assumptions, the onezone analysis framework will provide accurate enough predictions. Unfortunately, the γ-model proposed by [2] has discontinuities and therefore this model will not be considered later on when searching for a γ-model describing the partially burned mixture.
Polynomial model in p and T
The third model is a polynomial model of the internal energy u developed in [7] for combustion products of C n H 2n , e.g. isooctane. For weak and stoichometric mixtures (λ ≥ 1), a single set of equations could be stated, whereas different sets where found for each λ < 1. The model of u for λ ≥ 1 is given by:
given in [kJ/(kg of original air)], where
The gas constant was found to be:
given in [kJ/(kg of original air) K]. Krieger and Borman suggested that the correction terms u corr and R corr should account for dissociation, so they are non-zero for T > 1450 K and are given by:
where T is given in Kelvin (K) and p in bar. The values of the coefficients are given in Table 11 . For a fuel of composition C n H 2n , the stoichometric fuel-air ratio is 0.0676. Therefore, equations (3)- (5) should be divided by (1 + 0.0676λ −1 ), to get the internal energy per unit mass of products. In general, the error in u was found to be less than 2.5 per cent in the pressure and temperature range of interest, and less than 1 per cent over most of the range. A model of γ is then found as
where R is given by (5) and c v = ∂u ∂T is found by differentiating (3) with respect to T .
Summary of existing γ-models
Apparently there are ambiquities in which model structure to use for γ, therefore γ(T, p, λ) is calculated for adequate temperature and pressure regions for both unburned and burned mixture, assuming that the cylinder charge is frozen for T ≤ 1700 K and at equilibrium otherwise. This in order to find out what model structure of γ that is accurate enough for our purposes. One such purpose is to estimate parameters in the single-zone model such as heat transfer coefficients, burn rate parameters and so on, using the measured cylinder pressure. This requires a model of the cylinder pressure, and therefore the impact each approximative γ-model has on the cylinder pressure is monitored. All thermodynamic properties depend on the air-fuel ratio λ, but for notational convenience this dependence is here after left out when there is no explicit dependence.
CHEMICAL EQUILIBRIUM
Assuming that the air-fuel mixture is frozen (T < 1700 K) or at equilibrium (T ≥ 1700 K) at every instant, the specific heat ratio and other thermodynamic properties of various species can be calculated using the Matlab package CHEPP [5] . The fuel iso-octane, C 8 H 18 reacts with air according to:
where the products given on the right hand side are chosen by the user and λ is the air-fuel ratio (AFR). The coefficients x i are found by CHEPP and when scaled properly with λ they reveal the mole fraction of specie i that the mixture consists of at a given temperature, pressure and air-fuel ratio. The mixture is assumed to obey the Gibbs-Dalton law, which states that under the ideal-gas approximation, the properties of a gas in a mixture are not influenced by the presence of other gases, and each gas component in the mixture behaves as if it exists alone at the mixture temperature and mixture volume [8, Ch 12] . Therefore, the properties can be added together as e.g. in:
where u i is the internal energy from specie x i and u is the total internal energy.
UNBURNED MIXTURE
First of all, the specific heat ratio for an unburned frozen mixture of iso-octane is computed using CHEPP in the temperature region T ∈ [300, 1000] K, which is valid for the entire closed part of a motored cycle. The specific heat ratio for fuel-air ratio λ = 1 is shown in figure 1 as a function of temperature, together with its linear approximation (2) in a least squares sense. The linear approximation γ u lin is fairly good for λ = 1. Actually, the specific heats c p and c v from which γ is formed, are fairly well described by linear functions of temperature. Table 1 summarizes the root mean square error (RMSE), normalized RMSE (NRMSE) and the coefficients of the respective linear function for γ, mass-specific c v and c p for temperature region T ∈ [300, 1000] K and λ = 1. The RMSE of γ u lin is defined as
where M are the number of samples [9, p.429] . The NRMSE is then found by normalizing RMSE with the mean value of γ(T ).
Besides temperature, the specific heat ratio also vary with AFR, as shown in figure 2 where λ is varied between 0.8 (rich) and 1.2 (lean). For comparison, γ(T ) is also shown for λ = ∞, i.e. pure air which corresponds to fuel cut-off. Since it is always desirable to have as simple models as possible, an important question is: -Would it inflict a major descrepancy to fix the slope coefficient b and let only γ 300 vary with the air-fuel ratio? This is investigated by setting the slope b to the value for λ = 1, and find the coefficient γ 300 in a least squares sense. The slope is fixed at λ = 1, since for spark ignited engines this is the region where the engine should be operating most of the time, if controlled correctly. This approach leads to figure 4, where the coefficient γ 300 becomes approximately the same as when letting the slope vary. The relative difference is less than 0.1 % for λ ∈ [0.8, model of γ(T ) with good accuracy for the unburned mixture.
BURNED MIXTURE
The specific heat ratio γ for a burned mixture of iso-octane is computed using CHEPP in temperature region T ∈ [500, 3500] K and pressure region p ∈ [0.25, 100] bar, which covers most of the closed part of a firing cycle. For temperatures above 1700 K, the mixture is assumed to be at equilibrium and frozen otherwise. The specific heat ratio is strongly dependent on mixture temperature T , but γ also depends upon the air-fuel ratio λ and pressure p as shown in figure 5 and figure 6 respectively. For the same deviation from λ = 1, rich mixtures tend to deviate more from the stoichometric mixture, than lean mixtures do. The pressure dependence of γ is only visible for T > 1500 K, and a higher pressure tend to retard the dissociation and yield a higher γ. (2) and the polynomial γ KB developed by [7] given in (8) . Table 2 . A second order polynomial shows the same behavior as the linear case, but when the order of the polynomial is increased to three, (2) for λ = 1 and p = 7.5 bar.
the model captures the modes of γ(T ) quite well. By increasing the complexity of the model even more, an even better fit is found. This has been done in the Krieger-Borman polynomial, and for this example it captures the the behavior of γ(T ) well for temperatures below 2700 K as seen in figure 7 Table 3 Maximum relative error (MRE) and normalized root mean square error (NRMSE) for different temperature regions at λ = 1 and p = 7.5 bar.
the Krieger-Borman polynomial outranks the linear approximation in every chosen temperature region, since the NRMSE is smaller. Comparing just the MRE:s could result in false conclusions. Take the temperature region A for instance, where the respective MRE are approximately the same. One could then conclude that the models describe γ equally well, but in figure 7 it was clearly visible that γ KB is the better one, which is also the conclusion when comparing the respective NRMSE. In table 4, the NRMSE and MRE for the Krieger-Borman polynomial γ KB (T, p, λ) when varying the air-fuel ratio λ closely around stoichometric is displayed. For λ ≥ 1 (lean), γ KB fits the equilibrium γ better than for λ < 1, a tendency which is most evident when comparing the NRMSE for temperature region B. For temperature region A the difference for different λ is less striking, since the γ KB does not fit γ as well for T > 3000 K. Therefore the Krieger-Borman polynomial is preferably only to be used on the lean side. On the rich side and close to stoichometric (within 2.5 %), the Krieger-Borman polynomial does not introduce an error larger than the linear approximation given in table 3, and γ KB should therefore be used in this operating range.
If a linear model of γ is requested, the performance of the Reg-γ KB @λ = 0.975 • When using the single-zone temperature T to describe the specific heat ratio of the burned mixture, temperature region B is preferable, since during the closed part T ≤ 3000 K.
• When using the burned-zone temperature T b in a twozone model, then temperature region E is recommended, since for most cases T b ∈ [1200, 3000]. The limits are found by evaluating a number of experimental cylinder pressure traces using (28) and (34). By chosing region E instead of region B, the NRMSE is reduced by 25%.
PARTIALLY BURNED MIXTURE
The specific heat ratio γ as a function of mixture temperature T and air-fuel ratio λ for unburned and burned mixture of air and iso-octane has been investigated in the two previous sections. During the closed part of a motored engine cycle, these investigations would be enough since the models of the unburned mixture will be valid for the entire region. When considering firing cycles on the other hand, neither the unburned nor the burned mixture approach will be valid for the entire combustion chamber during the high pressure part. Therefore, to find the specific heat ratio for the single-zone model for a partially burned mixture, the mass fraction burned trace x b is used to interpolate the (mass-)specific heats of the unburned and burned zones to find the single-zone specific heats. The specific heat ratio is then found as the ratio between the interpolated specific heats.
The single-zone specific heats are found from energy balance between the single-zone and the two-zone model, from which the single-zone specific heat ratio γ CE can be stated:
where x b is provided by the Vibe function (38) using the pressure ratio management developed by Matekunas [10] , more thoroughly described in B. The single-zone (T ), burned zone (T b ) and unburned zone (T u ) temperatures are given by the temperatures models (28) and (34) respectively. The two temperature models are described in A. The first is the ordinary single-zone temperature model and the second is a two-zone mean temperature model developed by [11] . The mass specific heats in (13) are computed using CHEPP [5] and γ CE then forms the reference model. To compute γ CE is computationally heavy. Even when the specific heats are computed before-hand at a number of operating points, the computational burden is still heavy due to the numerous table look-ups and interpolations required. Therefore, a computationally more efficient model which retains accuracy is sought for. A number of γ-models will therefore be described and compared to γ CE found from (13) , in terms of normalized root mean square error (NRMSE) and maximum relative error (MRE) for γ, and in terms of RMSE for the corresponding cylinder pressures. The last one will give a measure of the impact that a certain model error has on the cylinder pressure and help to find a γ-model accurate enough for the single-zone model. The computional efficiency is evaluated by comparing the required simulation time of the cylinder pressure given a burn rate trace and a specific γ-model.
The eight γ-models are divided into three subgroups; The first group is based upon the burned mixture only. The second is based on interpolation of the specific heat ratios directly, and the third group, to which (13) belongs, is based on interpolation of the specific heats, from which the ratio is determined.
Burned mixture
The first subgroup represents the in-cylinder mixture as a single zone of burned mixture with single-zone temperature T , computed in (28). The first model, denoted B 1 , is the linear approximation in (2) , where the coefficients are optimized for temperature region T ∈ [500, 3000] (region B in Table 2 )
This model structure is used in [1] , although the coefficient values differ somewhat compared to the ones found in Table 2 . The second model, denoted B 2 , is the Krieger-Borman polynomial described in (3)
without the correction term for dissociation. The Krieger-Borman polynomial is used in model B 3 as well,
with the correction term for dissociation included.
Interpolation of specific heat ratios
The second subgroup uses a two-zone model, i.e. a burned and an unburned zone, and finds the specific heat ratio γ b (T b ) and γ u (T u ) for each zone respectively, where the temperatures are given by the two-zone mean temperature model (34). The mass fraction burned trace x b is used to find the single-zone γ by interpolating γ b and γ u . The first model, denoted C 1 , interpolates linear approximations for the unburned and burned mixture. The linear functions are optimized for temperature region T ∈ [300, 1000] for the unburned mixture, and temperature region T ∈ [1200, 3000] for the burned mixture. The resulting γ can therefore be written as
where the coefficients for the linear functions are given in Table 2 and Table 1 respectively. The second model was proposed in [12, p.423], here denoted C 2 , and is based on a interpolation of the internal energy u computed from the Krieger-Borman polynomial.
This model includes neither dissociation nor the internal energy of the unburned mixture. An improvement of model C 1 is expected when substituting the linear model for the burned mixture with the KriegerBorman polynomial. This new model is denoted C 3 and is described by
The fourth model interpolates γ u (T u ) and γ b (T b , p) found from CHEPP,
and this model is denoted C 4 . This model will reflect the modeling error introduced by interpolating the specific heat ratios directly instead of using the definition through the specific heats.
Interpolation of specific heats
The last subgroup uses a two-zone model, i.e. a burned and an unburned zone, just as the second subgroup, and determines the specific heats instead of the specific heat ratios for each zone. The unburned and burned zone specific heats are then interpolated to get the single-zone specific heats. The first model, denoted D 1 , uses the Krieger-Borman polynomial for the burned zone to find c p,b (T b , p) and c v,b (T b , p) , and the linear approximations of c p,u (T u ) and c v,u (T u ) given in Table 1 for the unburned zone:
The reference model given in (13) belongs to this group and is denoted D 2 . 
Evaluation of proposed γ-models
The cylinder pressure given in figure 8 is used as an example to see the impact that each model have on specific heat ratio γ and cylinder pressure respectively. The γ-models in the three subgroups previously described are computed and compared to γ CE (13) in figure 17 as functions of crank angle, where reference model γ CE is the dashed line and the solid line corresponds to each specific model. By visual inspection it seems that models C 1 , C 3 , C 4 and D 1 are able to retain the accuracy of model D 2 , which is confirmed by the normalized root mean square errors in γ given in Table 5 . The specific heat ratios for each model is also given in figure 18 as functions of single-zone temperature T . Table 5 Evaluation of γ-models.
The influence of different γ-models on the cylinder pressure are shown in figure 19 , where the difference between the simulated cylinder pressure for model D 2 and each model is plotted. A large modeling error in γ will introduce a large difference in
but crucial fault during the high compression phase of the closed part of the engine cycle. The RMSE of the measurement noise is approximately 6 kPa in the non-filtered case and approximately 2 kPa in the filtered case. If the measured cylinder pressure is used to calculate e.g. the heat released, this will be done using a filtered cylinder pressure and then it is only model D 1 that introduces a smaller modeling error in terms of RMSE. Thus, the other γ-models will introduce a modeling error which is significantly larger than the measurement noise as seen in Table 5 , and thereby affect the accuracy of the parameter estimates.
The same approach has been made for the simulated cylinder pressure from nine different operating points, where p IV C ∈ [0.25, 2] bar and T IV C ∈ [325, 372] K. The parameters for each cycle is given in table 12 as well as the corresponding cylinder pressures in figure 16 . The operating range in p and T that these cycles cover is given in figure 9 , where the upper plot shows the range covered for the unburned mixture, and the lower shows the range covered for single-zone (solid) and burned (dashed) mixture. According to [13, p.109] , the temperature region of interest for an SI engine is 400 to 900 K for the unburned mixture; for the burned mixture, the extreme end stated are approximately {2800 K, 3.5 M P a} and {1200 K, 0.2 M P a}. Of course, not all points in the range are covered but the cycles at hand cover the extremes of the range of interest. These simulations are summarized in terms of NRMSE for γ (table 13, RMSE for p in table 14 and MRE for γ in table 16. When comparing the NRMSE for γ, the ordering of the γ-models are:
where B 2 ≺ C 2 means that model B 2 is better than C 2 . For {C 1 , C 3 , C 4 } it is found that C 1 ≺ C 3 when the mean cylinder pressure during the combustion is approximately 7.5 bar, which is the pressure that γ b lin is optimized for. But for operating points when this approximation is not valid, C 3 ≺ C 1 .
Comparing RMSE for the cylinder pressure p, the ordering of the γ-models becomes:
i.e. the same as in (22).
Summary
The results can be summarized as:
• The choice between C 1 and C 3 is not clear, since one is better than the other for a certain operating range. Still, the operating range where model C 3 is the better one, is the largest and therefore model C 3 is recommended when a interpolation of the specific heat ratios directly is required.
• Comparing models C 4 and D 2 , it is obvious that interpolating the specific heat ratios instead of the specific heats causes a large modeling error.
• If only single-zone temperatures are allowed, model B 3 is the better one.
• Model C 2 has poor performance.
• Model D 1 is required to get a cylinder pressure RMSE that is in the same order of size as the measurement noise.
• The computational effort is approximately the same for all models except D 2 and C 4 .
Ordering of the models by their performance and with computational efficiency in ascending order:
A note on time complexity Introducing this model improvement of the specific heat ratio to the Gatowski et al. A note on crevice volume modeling Note that introducing a γ-model different from the linear model used in [1] , will also affect the amount of energy left or added to the system when a mass element enters or leaves the crevice volume. This energy term has to be restated for every γ-model at hand except model B 1 .
A note on fuel composition A small, and by no means exhaustive sensitivity analysis is made for fuels such as methane and two commercial fuels in appendix C. This in order to see if the results are valid for other fuels than iso-octane. It is found that the hydrocarbon ratio needs to be close the one for isooctane (2.25), although an exact limit can not be given without further studies.
Influence of residual gas The influence of the residual gas on the specific heat ratio has so far been neglected. Introducing the residual gas mass fraction x r , the single-zone specific heat ratio γ CE in (13) is reformulated as:
where the model assumptions are:
• the residual gas is homogenously distributed throughout the combustion chamber
• the residual gas is described by a burned mixture at the appropriate temperature and pressure
• a residual gas mass element in the unburned zone assumes the unburned zone temperature T u
• when a residual gas mass element crosses the flame front, it enters the burned zone and assumes the burned zone temperature T b . Note that the pressure is assumed to be homogenous throughout all zones.
In figure 10 , the specific heat ratio γ CE is computed according to (25) for residual gas fractions x r = [0 0.05 0.1 0.15] given the cylinder pressure in figure 8 . It shows that the larger the residual gas fraction, the larger the γ. The difference in γ for figure 11 . The difference is largest during compression and combustion. After the combustion, the mass specific heats for the single zone will coincide with the ones for the burned zone in accordance with the model assumptions, and thus no difference in γ. 
γ(T, p, x
(26) where γ CE (T, p, x b ) is given by (13) . Since x r is constant during a cycle, the term bx r can be considered as a constant bias γ bias (x r ) that changes from cycle to cycle. At the operating point in figure 11 , the RMSE in γ is reduced from 2 · 10 −3 to 0.8 · 10 −3 by using (26).
CONCLUSIONS
Based on assumptions of frozen mixture for the unburned mixture and chemical equilibrium for the burned mixture [7] , the specific heat ratio is calculated using a full equilibrium program [5] for an unburned and a burned air-fuel mixture, and compared to several approximative models of γ. It is shown that specific heat ratio for the unburned mixture is captured within 0.2 % by a linear function in mean charge temperature T , and the burned mixture is captured within 1 % by a higher-order polynomial in cylinder pressure p and T developed in [7] for the major operating range of a spark ignited (SI) engine. If a linear model is required for the burned mixture, the temperature region should be chosen with care.
With the knowledge of how to describe γ for the unburned and burned mixture respectively, the focus is turned to finding a γ-model during the combustion process, i.e. for a partially burned mixture. This is done by first finding the mass fraction burned x b using the Matekunas pressure ratio management, then representing x b by the Vibe function and finally by interpolating the specific heats for the unburned and burned mixture using x b . It is found that interpolating the linear specific heats for the unburned mixture and the higher-order polynomial specific heats for the burned mixture, and then forming the specific heat ratio
renders a small enough modeling error in γ. This modeling error is small enough since it causes a root mean square error of 7.4 kPa in the cylinder pressure p for the worst case, an error which is in the same order as 6 kPa rendering from the measurement noise.
Introducing this model improvement of the specific heat ratio to the Gatowski et al. single-zone heat release model is simple, and it does not increase the computational burden immensely. In fact, it is increased only by a factor 2 compared to the linear γ-model when simulating the Gatowski et al. single-zone heat release model. 
A TEMPERATURE MODELS
Two models for the in-cylinder temperature will be described, the first is the mean charge single-zone temperature model. The second is a two-zone mean temperature model, used to compute the single-zone thermodynamic properties as mean values of the properties in a two-zone model.
Single-zone temperature model
The mean charge temperature T for the single-zone model is found from the state equation pV = m c RT , assuming the total mass of charge m c and the mass specific gas constant R to be constant. These assumptions are reasonable since the molecular weights of the reactants and the products are essentially the same [1] [13, p.386] . If all thermodynamic states (p r ,T r ,V r ) are known/evaluated at a given reference condition r, such as IVC, the mean charge temperature T is computed as
Two-zone mean temperature model
A two-zone model is divided into two zones; one containing the unburned gases and the other containing the burned gases, separated by a infinitesimal thin divider representing the flame front.
Each zone is homogenous considering temperature and thermodynamic properties, and the pressure is the same throughout all zones [14] . Here a simple two-zone model will be used to find the burned zone temperature T b and the unburned zone temperaure T u , in order to find a more accurate value of γ(T ) as an interpolation of γ u (T u ) and γ b (T b ). The model is called temperature mean value approach [11] , and is based on a single-zone combustion model and adiabatic compression of the unburned charge. The single-zone temperature can be seen as a massweighted mean value of the two zone temperatures. Prior to start of combustion (SOC), the unburned zone temperature T u equals the single-zone temperature T :
The unburned zone temperature T u after SOC is then computed assuming adiabatic compression of the unburned charge according to:
The unburned zone temperature T u is therefore given by:
Energy balance between the single-zone and the two-zone models yields:
Assuming c v = c v,b = c v,u , i.e. a calorically perfect gas, ends up in
where the single-zone temperature can be seen as the massweighted mean temperature of the two zones. Including a model for c v would increase the importance of T b in (33), resulting in a lower value for T b . From (33), T b is found as
The procedure is summarized as: The various zone temperatures for the cylinder pressure trace displayed in figure 8 are shown in figure 12 . The burned zone temperature is sensitive to low values of the mass fraction burned, x b . Therefore, T b is set to the adiabatic flame temperature for x b < 0.01. The adiabatic flame temperature T ad for a constant pressure process is found from:
B COMBUSTION MODEL
The combustion of fuel and air is a very complex process, and would require extensive modeling to fully capture. Our approach here is to use the pressure ratio management [10] to produce a mass fraction burned trace and then use a Vibe function to parameterize the burn rate of the combusted charge.
Matekunas pressure ratio
The pressure ratio management is developed by Matekunas [10] and is defined as the ratio of the cylinder pressure from a firing cycle p(θ) and the corresponding motored cylinder pressure p m (θ):
The pressure ratio (36) is then normalized by it is maximum
which produces traces that are similar to the mass fraction burned profiles. The difference between them has been investigated in [15] , and for position P R N (θ) = 0.5 the difference was in the order of 1-2 degrees. This suggests P R N (θ) can be used as the mass fraction burned trace x b .
Vibe function
The Vibe function [16] is often used as a parameterization of the mass fraction burned x b , and it has the following form
and the burn rate is given by its differentiated form
where θ ig is the start of the combustion, ∆θ is the total combustion duration, and a and m are adjustable parameters. The Vibe function is over-parameterized in a, m, and ∆θ, since for example the sets [a = 1, ∆θ = 1, m = 1] and [a = 4, ∆θ = 2, m = 1] give identical function values. To parameterize the mass fraction burned (mfb) trace with physical parameters, two burn rate angles are often used, namely the flame-development angle θ d which corresponds to the crank angle from 0 % mfb (ignition) to 10 % mfb, and the rapid burn angle θ b (10-85 % mfb) [13] , illustrated in figure 13 . The burn angle parameters have a direct relation to the parameters in the Vibe function, but due to the over-parameterization in a and ∆θ, one of them must be specified before-hand to get a unique solution. If ∆θ is specified, the Vibe parameters become:
The differentiated Vibe function is used to produce a mass fraction burned trace, i.e. a normalized heat-release trace. The absolute value of the heat-release rate dQ ch dθ is given by the fuel mass m f , the specific heating value of the fuel q HV , and combustion efficiency η f as
where Q in represents the total energy released from combustion. Summing up, the combustion process is described by (41), parameterized by Q in , θ ig , θ d , and θ b .
C FUEL COMPOSITION SENSITIVITY OF γ
So far, we have only put our focus on iso-octane C 8 H 18 as the fuel used. Since the actual fuel composition can differ quite extensively over both region and time of year, it is interesting to see what happens with the specific heat ratios when the fuel 
where a, b and c are positive integers. First our attentionís turned to the properties of hydrocarbons and then to a few alcohols, both considering burned mixtures. Then a similar investigation is made for unburned mixtures. Finally the properties of partially burned mixtures and their influence on the cylinder pressure are examined.
Hydrocarbons
Considering hydrocarbons C a H b only (c = 0), the hydrocarbon ratio y = b/a will determine the properties of the air-fuel mixture, since the a and b are only relative proportions on a molar basis [13] [p.69]. The specific heat ratio is computed using CHEPP for the fuels given in table 6. Gasoline 1 and 2 are commercial fuels listed in [13] [p.133]. The fuels methane and gasoline2 will be extreme points in our study, considering the hydrocarbon ratio y, in a region which covers most hydrocarbon fuels. In the upper plot of figure 14 the specific heat ratio for the fuels are displayed. The difference between the fuels is hardly visible. Therefore, the fuels are compared to iso-octane, and the difference in γ is plotted in the lower part of figure 14 . The difference is small, and smallest for the commercial gasoline as expected, since the hydrocarbon ratio y does not differ as much. The NRMSE are found in table 6, for p = 7.5 and p = 35 bar respectively. Comparing to table 4, we see that the fuel composition introduces a smaller error in γ than the Krieger-Borman polynomial. It is therefore possible that the iso-octane γ can be used as a good approximation for the other hydrocarbon fuels, Figure 14 : Upper: Specific heat ratio for various fuels. Lower: Difference in γ compared to iso-octane C 8 H 18 .
described by C a H b . However, this would of course require a more thorough investigation and is not pursued here.
Alcohols
Considering more general fuels such as alcohols, the specific heat ratio of methanol CH 3 OH is computed and compared to the ones found for iso-octane and methane respectively. The comparison with methane shows what influence the extra oxygen atom brings about, and the comparison with iso-octane yields the difference with the fuel we consider to be the average or rather reference fuel. The results are displayed in figure 15 , the upper plot shows γ for the three fuels listed in table 7. The lower plot shows the difference in γ for methanol when compared to iso-octane and methane respectively. Surprisingly, the difference is smaller for iso-octane, which is also concluded by comparing the NRMSE:s from table 7. These NRMSE:s are in fact quite large, which is found by comparing to the ones found in table 4 . This suggests that the fault introduced by using the iso-octane γ to describe the methanol γ is too large. This means that the results are not valid for alcohols directly. Instead, new coefficient values in the polynomials have to be estimated.
Unburned mixtures
The specific heat ratios for both unburned hydrocarbons and alcohols are analyzed in a similar manner as for the burned mixtures presented earlier. The results are summarized in table 8. All fuels but methane are captured fairly well by the reference fuel iso-octane. Comparing with the linear model of the unburned mixture given in table 1, gasoline1 introduces a NRMSE which is in the same order. A trend in the results shows that for hydrocarbons, the specific heat ratio is more accurately determined for burned mixtures than unburned. This conclusion can be drawn by comparing tables 6 and 8. For the alcohol methanol it is the other way around, compare tables 7 and 8. Table 8 Unburned mixtures: Different fuels and their chemical composition. The NRMSE is formed as the difference compared to iso-octane, and evaluated at λ = 1.
Partially burned mixture -influence on cylinder pressure
The cylinder pressure given in figure 8 is used to exemplify the impact a certain fuel has on the cylinder pressure, given that all the other operating conditions are the same. The reference model (13) Table 9 Evaluation of the impact on cylinder pressure and specific heat ratio for various fuels using iso-octane as reference fuel, for the simulated cylinder pressure in figure 8 .
(RMSE(p)) of the fuels listed in table 9 are much larger than the impact of D 1 . This suggests that the iso-octane γ can not be used as a good approximation for the other hydrocarbon fuels, described by C a H b . However, the closer the hydrocarbon ratio y is to the one for iso-octane, the better the approximation. It is therefore likely that using iso-octane as the reference fuel is a valid approximation for hydrocarbon ratio y close to 2.25. How close is not investigated here, but it must be closer than 1.88 which corresponds to gasoline1. Note that if only the accuracy of the γ-models were to be compared, both gasoline1 and 2 would be more accurate than D 1 . Then a false conclusion could be drawn, since gasoline1 and 2 impose a larger fault in cylinder pressure than D 1 does.
D PARAMETERS IN SINGLE ZONE MODEL
The parameter values used in the Gatowski et. Table 10 Tuning parameters in the single-zone model.
E COEFFICIENT VALUES FOR KRIEGER-BORMAN POLY-NOMIAL
The cofficient values for the Krieger-Borman polynomial given in (3)- (7) Table 11 Coefficient values for Krieger-Borman polynomial given in (4)-(7).
F γ FOR IN-CYLINDER MIXTURE
In this section the operating points (OP) for the simulated cylinder pressure traces used to evaluate the proposed γ-models are given in table 12. In operating points 1-5 the mean charge temperature at IVC, T IV C , is computed as a function of exhaust pressure p exh . The cylinder pressure at IVC, p IV C , here ranges from 25 kPa up to 200 kPa, i.e. from low intake pressure to a highly supercharged pressure. The values of the parameters in the single zone heat release model are given in 25  372  2  50  341  3  100  327  4  150  326  5  200  325  1  25  372  6  50  372  7  100  372  8  150  372  9 200 372 Table 12 Operating points (OP) for the simulated cylinder pressure.
corresponding cylinder pressures during the closed part of the cycle are shown in figure 16 , where the upper figure shows the cylinder pressure for operating points 1-5, and the lower plot displays operating point 1 and 6-9. 
